Apoptosis mediated by members of the tumor necrosis factor (TNF)-nerve growth factor superfamily plays a crucial role in the interaction of the nervous and the immune system. On the one hand, it is involved in the defense mechanisms of the brain, the immune privilege. On the other hand, it is involved in the induction of glial-neuronal cell death in neuroinflammatory diseases. Here, we show that in contrast to the other known death ligands, TNF-related apoptosis-inducing ligand (TRAIL) is not constitutively expressed in the human brain, whereas both apoptosis-mediating and apoptosis-blocking TRAIL receptors are found on neurons, astrocytes, and oligodendrocytes. Thus, the brain differs from other immune-privileged organs, such as the placenta, with the TRAIL receptor-TRAIL system not being part of the immune privilege of the brain. Conversely, this death receptor-ligand system might well play an important role in T cell-mediated autoimmune diseases of the CNS such as multiple sclerosis.
The CNS is an immune-privileged organ like the placenta, anterior chamber of the eye, and testes. One mechanism of maintaining immune privilege is that invading T cells undergo apoptosis (Pender et al., 1991; Schmied et al., 1993) , mediated via death receptor-ligand interactions. This was shown for both the tumor necrosis factor (TNF) receptor-TNF (Bachmann et al., 1999) and the CD95-CD95 ligand (Gold et al., 1997; Bechmann et al., 1999 Bechmann et al., , 2000 Flügel et al., 2000) systems. Furthermore, as a potent inducer of apoptosis, TNF-related apoptosis-inducing ligand (TRAIL, also known as APO-2L) (Wiley et al., 1995; Pitti et al., 1996) , a member of the TNF superfamily, has been demonstrated to be involved in providing and maintaining immune privilege in human placenta (Phillips et al., 1999) . For TRAIL, both apoptosis-inducing and nonapoptosis-inducing membrane-bound receptors have been described. The ability for transmission of a death signal is restricted to TRAIL receptor 1 (TRAIL-R1, DR4) (Pan et al., 1997a) and TRAIL-R2 (DR5) (Sheridan et al., 1997; Walczak et al., 1997) . TRAIL-R3 (DcR1, TRID) and TRAIL-R4 (DcR2, TRUNDD) are truncated and have been suggested to act as decoy receptors by binding TRAIL without transmitting a death signal, thereby inhibiting apoptosis (Sheridan et al., 1997; Pan et al., 1997b; Degli-Esposti et al., 1997a,b) .
Depending on the localization of the ligand and its receptors, the TRAIL system can act in two ways: death ligands expressed on resident parenchymal cells can induce apoptosis in infiltrating lymphocytes, or conversely, infiltrating lymphocytes may induce apoptosis in resident parenchymal cells via death ligands. The TRAIL receptor-TRAIL system thus could play a role in the control of T cell invasion as well as their destructive actions in the brain. Because of its particular properties, including membranous expression of apoptosis-mediating and apoptosis-blocking receptors and apoptosis-independent antiproliferative mechanisms (Song et al., 2000; Hilliard et al., 2001) , this system might be involved in the pathogenesis of T cell-mediated autoimmune diseases such as multiple sclerosis (MS). In fact, TRAIL was found to be upregulated in peripheral immune cells of MS patients (Huang et al., 2000) . Upregulation of TRAIL on human antigen-specific T cells after activation , as well as the induction of apoptosis in acute brain slices after TRAIL application , further indicate a possible role for this system in glial-neuronal damage in T cellmediated disorders such as MS. In this study, RT-PCR, Western blot analysis, and doublelabeling immunocytochemistry were applied to study the expression of TRAIL and the distribution of its membrane-bound receptors on the transcriptional and translational level in human brain tissue obtained from individuals undergoing craniotomy because of epilepsy. Whereas TRAIL expression was not detected in the brain, both apoptosis-inducing and nonapoptosisinducing receptors were found.
MATERIALS AND METHODS
Cell lines, brain, and placenta tissues. C V-1/ EBNA cells were purchased from American T ype Culture Collection (Manassas, VA) and were cultured in DM EM. The medium was supplemented with 10% fetal bovine serum, 5 mM L-glutamine, 100 U/ ml penicillin, and 100 g /ml streptomycin. C ells were kept at 37°C in a 5% CO 2 atmosphere.
Because no antibody available achieved staining in postmortem tissue, all human brain tissue samples (n ϭ 10) used in this study were fresh ex vivo material obtained from four different individuals undergoing temporal lobe resection because of epilepsy. Tissue was either frozen in liquid nitrogen and stored at Ϫ80°C or immediately taken up in RNA isolation buffer (see "RT-PCR"). Human placenta was used as positive control. Fresh placenta was washed in PBS and thereafter stored at Ϫ80°C.
RT-PCR . Total RNA was isolated according to standard protocols using the PeqGold TriFast isolation kit (Peqlab, Erlangen, Germany). Fresh brain tissue was taken up in TriFast reagent and separated by syringe and cannula. Frozen brain material (to confirm data) and placenta were ground in a mortar in the presence of liquid nitrogen to avoid RNA degradation and subsequently taken up in the TriFast reagent. Contamination with genomic DNA was excluded by performing DNAdigestion using DNase I (Boehringer Mannheim, Mannheim, Germany). Subsequently, RNA was quantified photometrically by absorbance at 260 nm. We used 1 g of RNA as a template for random-primed cDNA synthesis using a first-strand cDNA synthesis kit (Pharmacia Biotech, Freiburg, Germany). To exclude amplification of any remaining genomic DNA, a no-RT control was performed. A negative control without template cDNA was run with every PCR. No specific PCR signal was detected under these control conditions. PCR was accomplished in a final volume of 50 l using a recombinant Taq polymerase kit (Invitrogen, Karlsruhe, Germany). The PCR conditions were as follows: glyceraldehyde-3-phosphate-dehydrogenase (G3PDH): 26 cycles, 45 sec / 95°C, 45 sec /54°C, 60 sec /72°C, primer sequences GTCAACG-GAT T TGGTCGTAT T and AGTC T TC TGGGTGGCAGTGAT (NM002046, nucleotides 97-118 and 616 -636); TR AIL -R1: 35 cycles, 45 sec /95°C, 45 sec /60°C, 60 sec /72°C, primer sequences AC TCGC T-GTCCAC TTTCGTC TC TGA and CATCCCC TGGGCC TGC TGC T-GTA (U90875, nucleotides 911-935 and 1200 -1219); TR AIL -R2: 35 cycles, 45 sec /95°C, 45 sec /60°C, 60 sec /72°C, primer sequences GG-GAGCCGC TCATGAGGAAGTT and C TGGGTGATGTTGGAT-GGGAGAGT (AF012535, nucleotides 1113-1134 and 1495-1518); TR AIL -R3: 33 cycles, 45 sec /95°C, 45 sec /72°C, 45 sec /72°C, primer sequences GAAGAATTTGGTGCCAATGCCAC T and C TC TTG-GAC TTGGC TGGGAGATGT (AF016267, nucleotides 638 -662 and 1224 -1248); TR AIL -R4: 32 cycles, 45 sec /95°C, 45 sec /64°C, 60 sec / 72°C, primer sequences CAAC TGGTGGGC TCCGAAAAG and AC -CGCATGTGGCC TAAAACGAC (AF029761, nucleotides 11175-1195 and 1500 -1521); TR AIL: 26 cycles, 45 sec /95°C, 45 sec /55°C, 60 sec /72°C, primer sequences CACATTGTC TTC TCCAAAC TC and GTCCATGTC TATCAAGTGC TC (U37518, nucleotides 489 -509 and 874 -894). As a control for TR AIL expression, an additional primer set was used as described by Frank et al. (1999) , 30 cycles, 45 sec /95°C, 45 sec /52°C, 60 sec /72°C, primer sequences TGGGACCAGAGGAA-GAAG and TTGGGAATAGATGTA (U37518, nucleotides 467-485 and 634 -648) .
Antibody specificit y. Specificity of antibodies was tested using C V-1/ EBNA cells selectively expressing solely TR AIL or one of its receptors, respectively. C V-1/ EBNA cells were transiently cotransfected essentially as described (Walczak et al., 1997) . Here, we transfected the cells on cover slides and used a mix of three different plasmids in each transfection: (1) either one of the following five plasmids: pCDNA3 (Invitrogen, San Diego, CA) or pCDNA3.1 that encoded f ull-length human TR AIL -R1 to -R4 or f ull-length human TR AIL, respectively; (2) a plasmid that encodes the anti-apoptotic Baculovirus protein p35, and (3) pSV3-Neo that encodes the large T antigen necessary for the replication of pCDNA3 in C V-1/ EBNA cells. Forty-eight hours after transfection, the cells were washed twice with PBS and were then fixed for 10 min at room temperature in PBS containing 4% paraformaldehyde. Last, the cells were washed again twice with PBS, and the cover slides were then dried and stored at room temperature. The cells were subjected to immunocytochemical stainings using the same antibodies and fluorescence labeling protocol as used for immunocytochemical stainings of human brain slices (see below).
Western blot. Triton-X protein extracts were obtained by homogenization of frozen brain tissue in the presence of protease inhibitors (0.5 g /ml leupeptin, 1 g /ml pepstatin, and 0.2 mM phenylmethylsulfonyl fluoride), centrif ugation at 1000 ϫ g for 10 min to remove nuclei and undissolved material, and a f urther 20 min centrif ugation at 17,000 ϫ g. Homogenization and protein handling were always performed in a 4°C environment. Lysates equivalent to 50 g of protein, as determined by the bicinchoninic acid (BCA) method (Pierce, Rockford, IL), were separated using 10% polyacrylamide gel electrophoresis and blotted onto nitrocellulose membranes using standard procedures. After 2 hr incubation at room temperature in a blocking cocktail (5% milk powder, 2% BSA in 0.01 M Tris-HC l, and 0.1% T ween 20), membranes were incubated overnight at 4°C or for 1 hr at room temperature with the following specific primary antibodies: polyclonal rabbit anti-TR AIL -R1 (AB1139 from Alexis, San Diego, CA) and polyclonal rabbit anti-TR AIL -R2 (AB16942 from Chemicon, Hof heim, Germany) were used at a concentration of 2 g /ml, polyclonal goat anti-TR AIL -R3 (210 -744-R100 from Alexis) at 1 g /ml, and polyclonal rabbit anti-TR AIL -R4 (AB16943 from Chemicon International) at 1 g /ml. Antibodies were diluted in solutions of blocking buffer in PBS -T ween 20. After a series of washing steps, the membranes were incubated for 1 hr with 1.3 g /ml anti-rabbit secondary antibody or 0.17 g /ml anti-goat secondary antibody, coupled to horseradish peroxidase (both Dako, Hamburg, Germany). Specific bands were detected using the ECL -plus system (Amersham Pharmacia Biotech, Uppsala, Sweden).
Immunoc ytochemistr y. Directly after removal from the skull (brain) or postpartum (placenta), the tissue was fixed in 4% paraformaldehyde in 0.1 M phosphate buffer (PB) for 6 hr at 4°C. T wenty-micrometer-thick sections were cut on a vibratome. These sections were then incubated in 10% H 2 O 2 for 10 min to block endogenous peroxidases, washed several times in PB, and stored for 30 min in a solution containing 10% serum from the species of the secondary antibodies in 0.1 M phosphate buffer to minimize background staining. The tissue was then incubated overnight at 4°C in a solution containing 0.1% Triton X-100, 1% serum, and the primary antibodies. Antibody concentration was optimized using increasing dilutions of each antibody, respectively. Final dilutions of antibodies used in this study were as follows: anti-TR AIL: D3 1:100, H257 1:200, M19 1:100 (all Santa Cruz Biotechnology, Santa Cruz, CA), B35-1 1:500 (PharMingen, San Diego, CA), 210 -732-R100 1:75 (Alexis); anti-TR AIL -R1: AB1139 1:100 (Alexis); anti-TR AIL -R2: AB16942 1:50 (Chemicon); anti-TR AIL -R3: AB210 -744-R100 1:200 (Alexis); and anti-TR AIL -R4: AB16943 1:250 (Chemicon). Controls were performed by omitting the primary antibodies and using isotype control antibodies (mouse, FL OPC -21, Sigma, Deisenhofen, Germany; rabbit, X 0936, Dako). Under these conditions, no specific immunostaining was observed in our material.
Immunolabeling of TR AIL and its receptors was visualized with fluorescein isothiocyanate-coupled secondary antibodies (1:500; Sigma). These sections were then counterstained for neurons, oligodendrocytes, astrocytes, and microglial cells using antibodies against microtubuleassociated protein (mouse anti-M AP-2, 1:500; Sigma), phospholipoprotein (rabbit anti-PL P, 1:1000; Serotec, Oxford, UK), glial fibrillary acidic protein (rabbit anti-GFAP, 1:1000; Dako), and CD68 (mouse anti-CD68, 1:100; Dako), respectively. These markers were visualized using trimethylrhodamine-coupled secondary antibodies (diluted 1:500).
RESULTS
To detect and localize TRAIL receptor/TRAIL expression in human brain, RT-PCR, Western blot analysis, and immunocytochemistry were performed on brain tissue freshly obtained from epilepsy surgery. Both, apoptosis-mediating (TRAIL-R1 and -R2) and nonapoptotis-mediating (TRAIL-R3 and-R4) TRAIL receptors were expressed in the adult brain, exemplarily demonstrated in Figure 1a . Bands of the expected sizes were detected for TRAIL-R1 to -R4. Conversely, no TRAIL expression could be identified in all brains analyzed. We confirmed TRAIL expression on the RNA level in human placenta, which we subsequently used as positive control (Fig. 1a) . Moreover, the lack of TR AIL was confirmed by RT-PCR using previously published TR AIL -specific oligonucleotides (Frank et al., 1999) . These authors demonstrated TR AIL expression in human brain tumors and in brain samples adherent to removed debris from patients with severe penetrating brain injuries, which they assessed as normal CNS tissues. In our material, even raising the cycle numbers did not result in the detection of TRAIL mRNA by RT-PCR of freshly isolated human brain, whereas TRAIL mRNA was readily detected with this method in T cells .
Immunocytochemically, using five different antibodies, no TRAIL was detected in the parenchyma either (Fig. 1b) . Intense signals in the same tissue on some perivascular and pial macrophages known to express TRAIL as well as in human placenta, as a positive control (Fig. 1c) , ruled out the possibility of methodological restrictions.
Western blot analysis demonstrated the presence of all four TRAIL receptors in the human brain (Fig. 2a-d) . To evaluate whether TRAIL receptor expression was restricted to distinct cell populations in the brain, subsequent immunocytochemical double-staining experiments were performed (Fig. 3a-l ) . Immunostaining with the AB1139 antibody specific for human TRAIL-R1 revealed a specific fluorescence signal (Fig. 3a) that could be localized to astrocytes by GFAP costaining (Fig. 3b) . TRAIL-R2 was identified on both oligodendrocytes as demonstrated by double-fluorescence staining with AB16942 and PLP antibody (Fig. 3c,d ) and neurons counterstained with MAP-2 antibody (Fig. 3e,f ) . TRAIL-R3 protein, stained with 210 -744-R100, was predominantly found on cells exhibiting the typical morphology of neurons (Fig. 3g,h ). TRAIL-R4 protein detected by AB16943 was heavily expressed on oligodendrocytes (Fig. 3i,j) and on neurons (Fig. 3k,l ) . Interestingly, we were unable to detect expression of TRAIL receptor protein on microglial cells, as confirmed by anti-CD68 counterstaining (data not shown).
DISCUSSION
Performing RT-PCR and using five different anti-TRAIL antibodies, we failed to detect the ligand in nontransformed, noninflammatory human brains (Fig. 1) while demonstrating the presence of TRAIL receptors in the brain (Fig. 2) localized on neurons, astrocytes, and oligodendrocytes (Fig. 3) . Because all antibodies available could not be used in autopsy material, we used fresh biopsy tissue obtained from epilepsy patients undergoing temporal lobe resection. We are aware of the fact that in epilepsy animal models, neuronal apoptosis has been described (Tuunanan et al., 1999) . However, all these studies refer to status epilepticus-induced neuronal damage, which was not the case in the brains used in our study. The absence of TRAIL in the human brain reported here is in line with a lack of TRAIL expression in peritumoral brain tissue (Rieger et al., 1999) . This is with the exception of reactive astrocytes in the area surrounding brain malignancies, as immunocytochemically demonstrated.
For a death receptor-death ligand system involved in the mechanisms of immune privilege, one would expect constitutive expression of the ligand in the respective immune-privileged tissue allowing removal of infiltrating T cells as already shown for TRAIL in human placenta (Phillips et al., 1999) and for CD95 ligand in human eye (Griffith et al., 1995) , brain (Bechmann et al., 1999) , and testes (Bellgrau and Duke, 1999) . Thus, the lack of TRAIL expression in the human brain argues against its role as a self-defense mechanism involved in immune privilege. On the other hand, presence of TRAIL receptors on neurons, astrocytes, and oligodendrocytes points to a unique role of this apoptosisregulating system for the brain when compared with other systems, such as TNF receptor-TNF and CD95-CD95 ligand. The expression of the apoptosis-mediating TRAIL receptors on neu- rons, astrocytes, and oligodendrocytes indicates their possible susceptibility to TRAIL-mediated apoptosis. The scenario might be that T cells, which upregulate TRAIL after activation , invade the brain and induce cell death of parenchymal cells via TRAIL receptor-TRAIL interaction. These activated T cells downregulate agonistic TRAIL receptors and are not susceptible to undergoing TRAIL-mediated apoptosis . In fact, we were able to demonstrate glioma cell death induced by T cells via TRAIL receptor-TRAIL interaction (Dörr et al., 2001) . Moreover, induction of apoptosis in brain parenchymal cells including neurons, astrocytes, and oligodendrocytes by TRAIL has been observed in acute human brain slices . The present data thus provide a molecular basis for these findings because deathmediating TRAIL receptors are present on parenchymal cells in the brain which, under physiological conditions, lacks the deathinducing ligand.
The expression of apoptosis-mediating TRAIL receptors, as described in our study, indicates that neurons, astrocytes, and oligodendrocytes are potentially susceptible to an attack by TRAIL-expressing T cells. Because both apoptosis-mediating as well as apoptosis-blocking receptors are present on the different brain parenchymal cells, the actual regulation of receptor subtype expression might be crucial for the fate of an individual cell. It is conceivable that dysregulation of this expression under pathological conditions can substantially affect their survival in the circumstance of an inflammatory T cell invasion. Induction of cell death by TRAIL in the human brain , together with our present data, indicate a potential role for the TRAIL receptor-TRAIL system as an effector mechanism in neuroinflammation such as MS rather than a role in defense mechanisms of the immune-privileged brain. These findings render the TRAIL system an efficient therapeutic target in neuroinflammation, which circumvents the shortcomings of TNFtargeted strategies that have failed (van Oosten et al., 1996; The Lenercept MS Study Group, 1999) , presumably because of the dual role of TNF in brain damage and defense. Arrows point to those cells that are clearly double stained, whereas arrowheads indicate monolabeled structures indicating specificity of fluorescence filters. Expression of TRAIL-R1 was detected with AB1139 ( a) and could be localized to astrocytes by GFAP costaining ( b). TRAIL-R2 was identified by AB16942 (c, e) and can be found on both oligodendrocytes ( d) and neurons ( f). TRAIL-R3 was found on neurons by using 210-744-R100 ( g, h). TRAIL-R4 was detected by using the AB16943 (i, k). Expression of this receptor could also be attributed to both oligodendrocytes and neurons ( j, l ). 40ϫ; g, h, 20ϫ; 40ϫ. 
